In the measurement or theoretical calculation of the pressure drop of cigarette filters and tobacco columns, the assumption is usually made that the flow in the article is laminar or viscous. With this assumption, pressure drop will be directly proportional to the volumetric flow rate and the length of the specimen. In other words, it obeys Darcy's Law of viscous flow. Fordyce et al. (1) found this relationship to hold for filter rods. However, Meyer-Abich (2), Strydom and Otto (3) and Palmade (4) found that tobacco columns had a somewhat non-linear pressure drop -flow relationship indicating a degree of inertial flow. Conversely, Baker (5) indicates that Darcy's Law holds to a good approximation in the tobacco columns used in his work. To resolve this question, and to determine the relative pressure drop contributions of laminar flow, inertial flow and the effects of channeling air into and out of the rods, a series of measurements were undertaken on filter rods, tobacco columns and multicapillary pressure drop standards. A further object of this work was to determine whether gas expansion effects, thermal changes and holder effects were contributing to the observed pressure drops. Although this work parallels Palmade's ( 4) thorough study of tobacco columns and reaches many of the same conclusions independently, it extends the flow analysis to filter rods and pressure drop standards and considers other possible contributions to pressure drop.
L INTRODUCTION
In the measurement or theoretical calculation of the pressure drop of cigarette filters and tobacco columns, the assumption is usually made that the flow in the article is laminar or viscous. With this assumption, pressure drop will be directly proportional to the volumetric flow rate and the length of the specimen. In other words, it obeys Darcy's Law of viscous flow. Fordyce et al. (1) found this relationship to hold for filter rods. However, Meyer-Abich (2), Strydom and Otto (3) and Palmade (4) found that tobacco columns had a somewhat non-linear pressure drop -flow relationship indicating a degree of inertial flow. Conversely, Baker (5) indicates that Darcy's Law holds to a good approximation in the tobacco columns used in his work. To resolve this question, and to determine the relative pressure drop contributions of laminar flow, inertial flow and the effects of channeling air into and out of the rods, a series of measurements were undertaken on filter rods, tobacco columns and multicapillary pressure drop standards. A further object of this work was to determine whether gas expansion effects, thermal changes and holder effects were contributing to the observed pressure drops. Although this work parallels Palmade's ( 4) thorough study of tobacco columns and reaches many of the same conclusions independently, it extends the flow analysis to filter rods and pressure drop standards and considers other possible contributions to pressure drop.
APPARATUS
Since it was necessary to have accurate and simultaneous measurements of pressure drop and flow rate, a simple apparatus was devised to provide the necessary data. As shown in Figure 1 , this consists of an oil displacement burette, a manometer and a rubber sleeve encapsulating holder. The flow is provided by pumping mineral oil into or out of the burette by means of two Zenith gear
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pumps driven in tandem by a reversible variable speed motor. Since the oil can be pumped in either direction it is possible to obtain a pressure drop under pressure conditions, where air is being forced through the rod or under the normal vacuum condition, where air is being sucked into the rod from the surrounding atmosphere. The flow rate is determined by measuring the time that it takes for the oil meniscus to travel between two graduation marks representing a volume of 1000 ml. It was found that the manometer reading pressure drop did not appreciably change during the filling or einptying of the burette, which indicates a constant flow rate through the pumps. Valves are provided to connect the appropriate end of the manometer to the flow apparatus and to leave the opposite end open to the atmosphere during the pressure or vacuum measurements. The rod holder consisted of a latex sleeve encapsulator of Celanese design. The article being measured was fully inserted into the encapsulator to eliminate air leakage through the wrapper. In addition, a wrapping of cellophane tape was generally applied to the filter rods and -tobacco columns to further insure against wrapper leakage and to provide additional rigidity to obviate collapse of the rods at higher flow rates.
RESULTS AND DISCUSSION
With this equipment, pressure drops were measured at 6 to 7 flow rates ranging from 2.5 to 22 ml/s. Cellulose acetate filter rods of a normal 3.3 Y I 44000 tow and a coarse 25 R I 50000 tow were investigated as were tobacco columns consisting of an American-type blend cut at 32 cuts per inch (cut width: = 0.8 mm). All items had a normal circumference of 24.8 mm and the lengths ranged from 10 to 12 mm for the filter rods and from 25 to 85 mm for the tobacco columns. In addition a series of 10 tube glass multicapillary standards similar to those described by Keith and Corbin (6) of 120 mm length and nominal pressure drops between 100 and 643 mm were tested.
In Table 1 , data are presented for a 120 mm 3.3 denier per filament ( dpf) acetate tow filter under pressure and vacuum flow conditions. If we look at pressure drop as a function of the measured flow rate, we find that the preSS"ure drops are different depending on whether a pressure or vacuum system is employed. For example, at a common measured flow rate of 22.4 ml/s, the pressure measurements gives 487 mm and the vacuum 467 mm pressure drop. The reason for this is quite simple, we are not measuring the same flow rate in the two types of measurement. In the pressure case, the measured flow rate is that entering the rod, while in the vacuum case it is that leaving the rod. Since the air passing through the rod is expanding, the exit flow rate is always greater than the entrance flow rate because of this gas expansion. By use of the ideal gas law, a simple correction can be applied as indicated at the bottom of the table to convert entry flow rates into exit flow rates. When this correction is applied, we obtain flow rates as listed in the second column of Table 1 , and virtually identical pressure drops are obtained at a common flow rate as shown at the b:>ttom of the table. This point is quite important in any pressure drop measurement and is frequently overlooked. We occasionally have disagreements with other laboratories in comparative pressure drop tests, and usually the cause of the disagreement is that the two groups are notmeasuring flow at the same place in the filter rod or tobacco column. As reported by Gehring (7), the flow leaving the rod has been accepted as a standard condition by ISO/TC126-SC1 and the Coresta Technology Group. Another point that is evident in Table 1 is that the direction of flow is unimportant in this ordinary acetate tow filter. Identical pressure drops of 364 mm were obtained at an exit flow rate of 17.5 ml/s in both the pressure and vacuum measurements in which the flow directions are reversed. This was found to be the case for all the filter rods of differing lengths and deniers, the various lengths of tobacco column and for the series of multicapillaries examined. These of course are symmetrical structures for which this would be expected, and for nonsymmetrical items such as filter cigarettes, ventilated filters, a flow direction dependence can exist. 
Investigation of rod collapsing effects (85 mm tobacco columns).
Untaped column in rubber sleeve A further point in Table 1 is the fact that an effect of rod collapse is not apparent in these data. If this were present, the pressure drops under vacuum conditions would tend to be higher than those obtained under pressure conditions because of a reduction in rod diameter in the former case due to collapse under the positive pressure differential between the exterior and interior of the rod. This does not appear to be the case for these rods. To further investigate this point, tobacco columns which would be more susceptible to collapse because of their lower firmness values were measured in several ways. In one experiment, the 85 mm tobacco column was simply placed in the rubber sleeve encapsulator without additional tape wrapping. In a second, the column was wrapped in tape and only one end was placed in the encapsulator and pressure drops were measured under both pressure and vacuum conditions. The same tobacco columns were used in all three experiments. The data obtained are shown in Table 2 . As is apparent in the second part this table, there is relatively little difference between the three sets of measurements, indicating that rod collapse is not a significant factor in this work. In the measurements reported so far, we have examined pressure drop as a function of exit flow rate which is the recommended procedure for pressure drop measurements (7) . However, to investigate the various components of pressure drop, it is better to use an average flow rate, i.e. the flow at the center of the article as this quantity is more easily related to the flows used in theoretical equations. It also has the advantage of requiring the least correction of the observed flows although all observed flows now have to be corrected rather than just those obtained under pressure conditions. Average flow rates are obtained by the following equations: As is apparent in the regression equations, some nonlinearity is present in all articles tested. This is illustrated in Figure 2 where the experimental points for a 120 mm 3.3 Y I 44000 tow rod, an 85 mm tobacco column and It is evident for the tow filter and the multicapillary that a viscous flow assumption is quite a good approximation. For tobacco columns the departures from linearity are greater but a viscous flow assumption is still usable in most cases if it is recognized as an approximation.
To
is presumed to represent the inertial flow contribution. These are listed in Table 4 for the various articles. It should be noted that no subdivision of the multicapillary quadratic term can be made, since only one length of these was available. However, as will be shown later and as found by Keith and Corbin (6) the quadratic term for these is thought to be an entry and exit effect, and hence is independent of length. In Table 4 it is evident that the constant term is quite small for each article and represents less than 1 °/o of the overall pressure drop. This small term is thought to arise from experimental errors in the measurements. The linear term, which represents the viscous or Darcy's Law component of the pressure drop is the major component in the overall pressure drop. It ranges from 78.5 °/o of the total pressure drop for tobacco columns up to 97.90/o in the case of the normal tow rod. The quadratic term, which reflects the contribution to pressure drop from the energy expended in funneling air into and out of the article is generally small and relatively constant for the filter rods and tobacco columns, ranging from 1.5 to 1. 9 mm. This is a reflection of the relatively low linear velocity in these items which would give low values. In the multicapillary standards, the flow is channeled into an.d out of ten small capillaries where rather large linear velocities are present. From flow theory, it is expected that these entry and exit corrections should be proportional to the product of the density of the fluid times the linear velocity squared, the proportionality constant being between 0.75 and 1.25 (8). Table 5 lists these calculated entry and exit pressure drops and compares them with the quadratic term obtained from regression analysis. It also lists the hole diameters, average linear velocities, an.d Reynolds numbers for these multicapillaries. The agreement between the values estimated by regression analysis and those calculated from flow theory appears to be quite reasonable, the regression values generally falling in the range of theoretical values. Thus it appears as though the pressure Table 4 , the last component of pressure drop is a length-dependent quadratic term which ranges from 5.9 mm for the lower dpf tow item to 15.9 mm for a tobacco column. This term represents an inertial flow contribution to the pressure drop. It is of interest to see whether these contributions are reasonable when corn- specific surface area (cm 2 /g) fiber polymer specific gravity (g/cm 3 ) pared to known information about flow in packed columns. Carman (9) found that inertial flow exists in packed columns at Reynolds numbers of 2 or more. As shown in Figure 3 , the Reynolds number in this case is the ratio of the product of fluid density and linear velocity to the product of fluid viscosity and a specific surface area, i.e. the surface area of the particles divided by the volume of the bed. For a fibrous material such as 
Reynolds numbers and Inertial flow components.
Perimeter filter rods and tobacco columns, this surface area is equal to the fiber perimeter times the volume fraction occupied by fiber divided by the fiber area. For solid fibers such as acetate this can be estimated from the fiber surface area and the polymer density, while for porous materials such as tobacco, it has to be estimated from the strand dimensions. Table 6 lists the estimated perimeter to area ratios, the volume fraction occupied by fiber and the Reynolds numbers for the two tow items and a tobacco column. It also lists the inertial flow component of the pressure drop from Table 4 . It is apparent that the materials with the higher Reynolds numbers have the larger inertial flow components. Tobacco with a Reynolds number well above Carman's (9) criterion of 2 has a sizeable inertial flow component, while the tow items with Reynolds numbers at or below this criterion show relatively little inertial flow. Thus the findings for these articles appear to be consistent with those for packed beds of granular, solid materials. A final point that should be considered is whether there are appreciable pressure drop contributions from thermal and kinetic effects arising from the expansion of air during its passage through these articles. By use of the integrated forms of Darcy's equation in which density is considered to be a variable for isothermal and adiabatic flow, it is possible to estimate the magnitude of these effects (10). For the 643 multicapillary where these effects would have the greatest magnitude, it is calculated that under isothermal conditions, the gas expansion would contribute 1.5 mm to the pressure drop. Under thermal expansion conditions up to 0.6 mm of pressure drop would be obtained by cooling the gas stream by up to 7.4 °C if a completely adiabatic expansion were achieved-which is unlikely. Since these contributions are only 0.2 °/o and 0.1 Ofo of the total pressure drop, they can be considered as being negligible in this severest case.
CONCLUSION
It has been found that the flow regime in cigarette filters, multicapillary pressure drop standards, and tobacco columns is largely laminar or viscous under ordinary conditions. For multicapillary standards a 3.5 Ofo pressure drop contribution arises from channeling air into and out of the article. For cigarette filters there is a small inertial 120 flow and entry and exit flow component of pressure drop. In these tobacco columns, inertial flow is more important, contributing up to 190/o of the pressure drop, while entry and exit effects remain small. Rod collapse and thermal and kinetic effects from gas expansion within the rod were found to be negligible in these _ experiments.
SUMMARY
With a liquid displacement flow system, pressure drop and flow measurements were performed on filter rods, tobacco columns and multicapillary pressure drop standards. The purpose of these measurements was to determine the relative contributions of laminar or viscous flow, inertial flow, and entry and exit effects to pressure drop. Pressure drops were obtained both by forcing and drawing air through the article. No difference in pressure drop was obtained by either method provided that the flow was the same at a common point in the rod.
This specification was necess~ry because of the change in flow rate due to gas expansion inside the rod. Pressure drop contributions from gas expansion, thermal effects and rod collapse were negligible. From regression equations, the major pressure drop component in all three types of article was viscous flow, ranging from 98 °/o of the total pressure drop in filter rods to 79 Ofo in tobacco columns. Entry and exit effects were small in both filter rods and tobacco columns but were appreciable and the only other pressure drop contributor in multicapillaries. These measured entry and exit effects in multicapillaries agreed well with those estimated by flow theory. Inertial flow was found to contribute 1.5°/o and 190/o of the total pressure drop in filter and tobacco rods, respectively. These contributions are reasonable from flow theory for packed columns. effets d'extr6mite clans la resistance au tirage. On a op~n~ a la fois par soufflage et par aspiration a uavers l'6chan-tillon. Aucune diff6rence de resistance au tirage n'est d~cel~e entre les deux m~thodes, pourvu que le d6bit mesur~ en un point donne de l'edtantillon soit le m!me. 11 est n~cessaire de pr6ciser ceci, compte tenu de la variation de d~bit en volume provoqu~e par I' expansion du gaz dans l'~chantillon. Les influences sur le tirage dues a !'expansion de l'air, la temp~rature et les effets d'extr6mite se r~velent n~gligeables. On 6tablit, a partir des
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